Abstract. The stable negative dielectrophoretic trapping of single sub-micrometre bioparticles is demonstrated. Single virus particles, capsids and latex spheres, with diameters in the range 93-250 nm, have been trapped. An estimate for the minimum size of particle that may be stably trapped against Brownian motion is made and the trapping characteristics used to estimate values for the dielectric properties of a virus.
Introduction
When a dielectric particle is suspended in a spatially non-uniform electrical field, the interaction of the applied field and induced dipole generates a force on the particle. This force, termed dielectrophoresis (DEP) [1, 2] , has been used widely as a means of manipulating particles on the micrometre scale [3] , for micromotor stabilization [4] and for the separation of sub-populations of particles from a heterogeneous mass [5] [6] [7] . Only recently has the technology developed to the point at which the study of sub-micrometre particles [8] [9] [10] [11] [12] is possible.
The dielectrophoretic force, F DEP , acting on a homogeneous, isotropic dielectric sphere, is given by
where r is the particle radius, ε m is the permittivity of the suspending medium, ∇ is the del vector operator, E is the local RMS electric field and Re[K(ω)] is the real part of the Clausius-Mossotti factor, given by
where ε * m and ε * p are the complex permittivities of the medium and particle respectively, and ε * = ε − jσ/ω with σ the conductivity, ε the permittivity and ω the angular frequency.
The frequency dependence of Re[K(ω)] indicates that the force on the particle varies with the applied frequency. The magnitude of Re[K(ω)] also varies depending on whether the particle is more or less polarizable than the medium. If Re[K(ω)] is positive, then particles move to regions of highest field strength (positive dielectrophoresis); the converse is negative dielectrophoresis, in which particles are repelled from these regions. For divergence and curl-free electrostatic fields, minima (though not maxima) in the field intensity can exist [2] . Therefore, by using suitable electrode geometries and appropriate field frequencies, particles undergoing negative DEP can be trapped in the potential energy well which exists at a local field minimum.
As can be seen from equation (1), for a given field strength the force on a particle decreases as a function of the particle's volume. Until recently the minimum size of particles that could be manipulated was approximately 1 µm. However, electrodes can now be fabricated with features small and precise enough to generate electrical field gradients of sufficient magnitude to manipulate submicrometre particles against the action of Brownian motion. It has been shown that nanometre-scale latex spheres [9, 10] , viruses [11, 12] and proteins [8] can be collected by dielectrophoresis.
In this paper the trapping of single sub-micrometre particles in negative dielectrophoretic traps is demonstrated. Three different sizes of particles were used, namely an enveloped human virus (250 nm diameter), a viral capsid (125 nm diameter) and a fluorescent latex sphere (93 nm diameter).
Trapping was achieved using small electrode structures that create well-defined dielectrophoretic potential energy minima. The ability to trap and manipulate single nanometre-scale particles has many applications, ranging from viral infectivity studies to micromechanics and nanotechnological fabrication techniques.
Materials and methods

Materials
The three types of particles used in this study are shown schematically and to scale in figure 1. The human Herpes simplex virus type 1 (HSV-1) is a 250 nm diameter particle consisting of a central core (the capsid) which carries the viral DNA. A protein tegument surrounds the capsid and a lipid envelope, from which glycoproteins project approximately 10 nm, encapsulates the whole assembly [13] . The virions were fluorescently labelled with a nonpolar NBD dye (Molecular Probes Inc) according to the method outlined in [14] . The 125 nm diameter HSV capsid is shown in figure 1(b) . It is an icosahedral protein structure that is carried within the HSV particle. The capsids used in these experiments were non-DNA-bearing. Capsids were fluorescently labelled with Rhodamine-NHS using a protocol described in [11] . Fluorescently loaded 93 nm diameter latex spheres were obtained from Molecular Probes Inc, Oregon, USA and are shown to scale in figure 1(c).
Microelectrodes
The electrodes used to trap particles were based on the 'polynomial' design [15] with dimensions of 6 µm between opposing electrodes and with 2 µm gaps along the arms between adjacent electrodes, as shown in figure 2 . This design has a well-defined region of potential energy minimum at the centre of the trap [10, 16] . Electrodes were fabricated by photolithography using masks written by electron beam lithography. To minimize the effects of evaporation during the experiments, the electrodes were enclosed within a small chamber of approximately 5 µl volume constructed using 100 µm thick Perspex spacers.
Experimental details
Electrodes were powered using a Hewlett-Packard 1 Hz to 20 MHz signal generator providing 5 V peak-to-peak sinusoidal signals. Experiments were recorded using a Nikon Microphot microscope connected to a Photonic Science Isis II light-intensified CCD camera. Results were stored on a PC using a miroVIDEO videocard.
An aliquot of particles was suspended in 280 mM mannitol solution, centrifuged and resuspended at a concentration of approximately 10 5 -10 6 particles ml −1 . For the DEP experiments EDTA was added in sufficient quantity to raise the conductivity to 5 m Sm −1 . Approximately 5 µl of the particle solution was micropipetted into the electrode chamber and the assembly was sealed with a coverslip. Figure 3 shows a fluorescence photograph of a 93 nm diameter latex sphere trapped in a polynomial electrode array (as shown in figure 2) under negative dielectrophoretic forces. The particle could be held in a stable state for the duration of an experiment (up to 30 min). The applied voltage was 5 V peak to peak at 15 MHz. Under these conditions the particle was retained in the centre of the electrode whilst other particles (of the same type in the suspension) were forced away. Single virions and capsids could also be held in polynomial electrode arrays of the same design at the same frequencies and voltages. During the experiments, electrothermally induced fluid movement occurred but its effect on the particles depended on the frequency and applied voltage. Under optimal experimental conditions, the magnitude of the effect was very small, localized at electrode edges and did not interfere with DEP trapping.
Results
During the experiment, a single particle was observed to move within the confines of the electrical field cage under the influence of Brownian motion. Single virions were observed to levitate in a stable position at a height of approximately 7 µm above the electrodes. The position of capsids and latex spheres could not be determined with such accuracy because Brownian motion caused constant random movement in the z-direction. However, trapped particles tended to lie in a region 5-10 µm above the electrode. Once trapped, a particle was isolated in the potential minimum and no further particles were observed to collect. with EDTA and trapped using a 5 V peak-to-peak, 15 MHz sinusoidal signal (scale bar 10 µm).
Below 1 MHz the particles were attracted to the electrode edges under positive dielectrophoresis. Although single particles could not be trapped in this manner, this technique increased the concentration of the particles near the centre of the trap. On increasing the frequency to the value at which negative DEP occurred, most particles were repelled from the electrodes and away from the centre of the trap. However, single particles (and very occasionally two or three together) fell into the centre of the trap and remained there under negative dielectrophoretic forces. Owing to the particular experimental conditions used in this work (primarily a very small electrode area) no pearl-chaining or clumping of particles was observed. Only particles in the immediate vicinity of the electrode centre were trapped and, in the absence of major convective forces, all other particles were repelled up and away from the trap by negative DEP forces.
Discussion
Brownian motion
In order to stably trap single sub-micrometre particles, the dielectrophoretic force acting to move the particle into the centre of the trap must overcome the maximum specific impulse that any thermally agitated particle might have, which, if it is large enough, will cause the particle to escape. Owing to the planar nature of the electrode array, the particle is held in a dielectrophoretic trap or well with an open top. Once they are held at the centre of the trap, particles of density greater than the surrounding medium (such as the virion and capsid) experience a gravitational force so that in the z direction the action of Brownian motion is too small for them to escape from the trap. However, a particle of neutral buoyancy such as a latex sphere will remain trapped only as long as it does not move upwards by a distance sufficient for it to leave the trap. In this case, increasing the number of electrodes will make the trap sides steeper, therefore increasing the mean trapping time.
Previous studies of the effects of Brownian motion on the behaviour of sub-micrometre particles in DEP systems [8] used electrostatic energy considerations to formulate an expression for the threshold electrical field strength necessary for the DEP potential to exceed the energy of a particle at room temperature (kT ). Such an argument gives a rule-of-thumb guide to the magnitude of the electrical fields required to induce motion of particles. Rather than comparing the thermal energy of a particle with the dielectrophoretic energy [8] , an alternative approach is to estimate the trapping limit by comparing the induced velocities of a particle. This approach is similar to that adopted by Smith et al [17] for determining the trapping stability of laser tweezers.
During trapping the particle sits in an open-topped potential energy minimum. It can escape in any direction, but, in the vertical direction, the gravitational force aids in trapping the particle. Particle movement through the 'sides' of the trap in a plane parallel to the electrodes (the x-y plane) and movement in a vertical direction out of the top of the trap can be considered as two separate cases.
Movement in the x-y plane.
Consider the force on a particle of radius r suspended in a non-uniform electrical field, experiencing a negative dielectrophoretic force F DEP towards the centre of the trap. For times longer than O(10 −8 ) s, from Stokes' law, the particle attains a terminal velocity v according to the equation
where η is the viscosity of the medium. Considering a small region of thickness d over which the force (namely the field gradient) is constant, the time t DEP taken for the particle to traverse this region is given by
In addition to this deterministic force the randomizing effect of Brownian motion also acts on the particle. From Einstein's equation [18] , the mean time t B taken for a particle to move a distance d in one dimension can be derived [17] and is given by
where k is Boltzmann's constant and T is the temperature. For stable trapping to occur, the time for the particle to fall into the trap (from the edge) should be significantly less than the time taken for the particle to escape from it. If we assign an arbitrary factor by which t DEP is smaller than t B , (such as a factor of 10, as suggested by Smith et al [17] ), then, from (4) and (5), the conditions are
We can therefore determine the approximate minimum particle radius for successful trapping by substituting equation (1) into (6), giving
It is evident that the factors that contribute to the critical particle radius for stable trapping are the electrical field gradient, ∇E 2 , and the distance across which this gradient exists, the trap width d, so that
For cases in which ∇E 2 varies as a function of distance the trapping efficiency is given as the maximum value of the function d∇E 2 for the particular trap.
Movement in the z direction. In addition to
Brownian motion, movement in the vertical plane is affected by buoyancy, so that the total force is the sum of three forces [19] :
In the event of stable trapping at a constant height above the electrode, the particle is forced upwards under a negative dielectrophoretic force and pulled downwards by gravity. When these forces are in equilibrium, the particle remains at a stable position so that on average the total force in the z direction is zero
that is:
or
where ρ p and ρ m are the densities of the particle and medium, respectively, and g is the acceleration under gravity. Equation (11) defines the condition that must be satisfied in order to levitate a particle to a stable height within a trap; this will be dictated by the trap depth and field magnitude. For sufficiently dense particles such as HSV-1 gravity is sufficient to dominate over Brownian motion, so it is possible to use this formula to determine the value of Re[K(ω)] under trapping conditions and thus determine the dielectric properties of the particle. However, in the case of particles whose density is equal to (or less than) that of the medium, then the condition described in equation (11) is not satisfied. The particles may move upwards and will eventually leave the trap. In order to prevent this happening closed field cages, such as those fabricated by Müller et al [9] , must be employed.
Simulation
In order to compare the above predictions with experimental data, a numerical model based on the moments method [20] was used to calculate the magnitude of ∇E 2 around the polynomial electrode array [21] . Figure 4(a) shows a three-dimensional plot of |∇E xy,rms the force is directed into the centre. The plot shows that along the line (a-a) and at a radius of 6 µm from the centre the field gradient is zero and for distances greater than 6 µm ∇E 2 xy,rms is negative so that particles beyond this boundary are repelled from the electrode array. The magnitude of ∇E 2 xy,rms along b-b also diminishes with distance from the centre and has been found to reach zero at 13 µm from the centre [14] .
The trapping efficiency is governed by the smallest distance (along a radius) a particle has to travel in order to escape. The minimum particle radius for stable trapping is given by equation (9) . Using this data, the minimum radius of a particle for stable trapping can be calculated to be 33 nm. Thus our observation of the trapping of a single latex sphere of diameter 93 nm is within the minimum limit of particle size for this applied potential and electrode design.
In order to trap large numbers of individual particles the DEP force must overcome a diffusion force. This model does not predict the stable trapping of 14 nm diameter beads in sub-micrometre electrical field cages as reported in [9] ; the minimum particle diameter predicted under the condition given by equation (6) would be approximately 66 nm. However, if the ratio of t DEP to t B is of the order of unity, then single particles will be trapped for shorter periods of time. There will always be a nett movement of particles towards the trap, with single particles occasionally escaping from the trap. If factors such as trapping assisted by thermal convection [9] and particle-particle interaction are also taken into account [1] , then negative dielectrophoretic trapping of populations of particles of 14 nm in diameter, as demonstrated by Müller et al [9] , is entirely possible.
At the centre of the trap and with an applied potential of 5 V peak to peak, the HSV particles are levitated at a stable position of 7 µm above the substrate. From the field simulations the value of the vertical (z direction) field gradient, ∇E 2 z,rms , was determined at this point. The average value over an area corresponding to the diameter of the virion was calculated and determined to be approximately −8 × 10 13 V 2 m −3 . The HSV-1 particle remains at this height under the conditions dictated by equation (11) so that using equation (13) , the real part of the polarization factor Re[K(ω)] can be estimated. The density of HSV-1, ρ p = 1.4 g cm −3 [13] so that Re[K(ω)] = −0.04 at 10 MHz. This value is in broad agreement with the biophysical model for the virus reported elsewhere [14] .
Conclusion
Dielectrophoresis is a technique that is gaining steady momentum in a wide range of biotechnological applications. Whereas dielectrophoretic methods have been applied to the manipulation of objects on the micro-scale, this work shows that the technique is applicable to the manipulation of single nano-scale bioparticles. Studies indicate that it is possible to manipulate single objects 30 nm in radius and this may have applications in the study of viruses, DNA and proteins or for single particle manipulation.
